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X-Ray Identification of Element 104%
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L. D. Hunt, P. F. Dittner,{ R. L. Hahn,{ and C. D. Goodman§
Oak Ridge National Labovatory, Oak Ridge, Tennessee 37830
(Received 25 June 1973)

The daughter x-ray identification technique has been applied to the identification of ele-
ment 104. The characteristic K -series x rays from the a-decay daughter isotope, nobe-
lium (Z=102), have been observed in coincidence with « particles from the decay of 4.5-
sec 257104, thus providing an unequivocal determination of the parent atomic number,

Z=104.

Many isotopes of the transfermium elements
(Zz >100) have been synthesized in recent years
and their elemental or atomic number assign-
ments have usually been based on a combination
of transmutation data and, in a few cases, on
chemical properties. The transmutation data in-
clude o and spontaneous-fission decay systema-
tics, genetic-linkage experiments, cross-section
systematics, excitation-function measurements,
and cross bombardments with different projec-
tiles and/or targets. The best evidence for the
identification of a new element, however, is the
observation of characteristic K- or L-series x
rays,'? as first utilized by Moseley® in 1914,
since the energies of these x rays are directly
connected to the atomic number of the element.

Although Moseley® and Barton, Robinson, and
Perlman® could rely on a simple relationship be-
tween the atomic number and the corresponding
x-ray energies, a somewhat different technique
must be used to predict the energies of K-series
x rays for the heaviest elements (Z >95). These
energies have been calculated by Carlson ef al.’
using the Oak Ridge relativistic Hartree-Fock~
Slater computer program. The x-ray-energy and
electron-binding—energy predictions of Carlson
et al.’ have been tested experimentally through
Z =100 and have been shown to be accurate to
within =30 eV (or about 0.02%).°® In addition, the
intensities of K-series x rays for the heaviest
elements have been calculated in the relativistic
treatments®!® and have also been verified experi-
mentally.” Thus, even for the very heavy ele-
ments, the measurement of the characteristic K-
series x rays provides a firm basis for a direct
and unequivocal atomic-number assignment.

Recently, we reported the conclusive determi-
nation of the atomic number of a nobelium iso-
tope (Z =102),% using a modified x-ray identifica-
tion technique. This technique relies on the ob-
servation of x rays from the daughter element in

coincidence with the o particles from the decay
of the parent element. These x rays can arise
from atomic rearrangements following internal
conversion processes in the de-excitation of the
daughter element, if the @ decay should proceed
to excited nuclear states. We would like to re-
port in this paper the application of this modified
x-ray identification technique to the conclusive
identification of element 104.

The 4.5-sec, a-emitting isotope 257104, first
produced in 1969 by Ghiorso and co-workers,'"!3
was produced at the Oak Ridge isochronous cyclo-
tron laboratory in the reaction 2*°C£(*2C, 41)?57104.
The target consisted of 220 ug of isotopically
pure 2*°Cf which had been electrodeposited on a
2.5-mg/cm? Be foil over an area of 0.36 cm?,

Our measured cross section for the production
of 2104 was ~1.2x10"% cm? at an energy of 73.0
MeV.

The reaction products, recoiling out of the
245Cf target, were thermalized in a small helium-
filled chamber, continually pumped through a
0.013-in, orifice, and collected on a small disk
of aluminum (1.43 ¢m diam and 0.053 cm thick).
After a bombardment and collection time of about
10 sec, the catcher disk was pneumatically trans-
ferred a distance of 10 m in 1.7 sec to a counting
station located outside the heavily shielded bom-
bardment room. The transferred disk was auto-
matically positioned between an a-particle detec-
tor and a high-resolution photon detector.

The o -particle detector was a 200-mm? Si(Au)
surface-barrier detector which subtended a solid
angle of 38.5% of 47 sr. The measured energy
resolution for « particles was ~ 30 keV full width
at half-maximum (FWHM) under our experimen-
tal conditions. The photon detector was a high-
resolution Ge(Li) planar detector (25 mm diam
with 7 mm depletion depth) which was equipped
with a 24-mg/cm? Be entrance window. The ener-
gy resolution for 122-keV y rays (comparable in

647



VoLUME 31, NUMBER 10

PHYSICAL REVIEW LETTERS

3 SEPTEMBER 1973

10,000

=T | ool T 1 1 T
— Ra -
= | feem | | l =
— 2540 255N, —]
. 250g, 8.40 ]
7396 ~7.439
o 1000 = 6.998" —; F > =
o — a3 212 ; =
§ — 6.7737 6.896 . 256N, -
= — : . s 255y » . 9,401—‘ ’—3.444 B
o e TITH 7927, .
% 7278 (Y
: 100 = , ] p .p'.‘.. .8.2660 y 25104 =
u = e ;o | 8615 8.778 —
— .Y I ¥ M |avzo 8870 g o5 —
1) b * . 8663 P-s.o‘s —
— B s, e . N desss]leeeal |
= Fecr o0 o 3 —
2 BT 2 o)
8 10 :. * i —
y L1 Ly I |
3400 3600 3800 4000 4200 4400 4600 4800 5000 5200

CHANNEL NUMBER

FIG. 1. o-particle energy spectrum for activities produced in the bombardment of 24°Cf with 73.0- MeV 2C ions
for a total of 31.3 upA h. Counting time is 11 sec, and the energy range expected for @ events from the decay of

257104 is indicated.

energy to K-series x rays for Z>100) was ~ 900
eV FWHM. The absolute full-energy-peak detec-
tion efficiency for photons of this energy originat-
ing on the catcher disk was 14.9%.

The following information was stored for each
detected o particle: (1) the a-particle pulse
height, (2) the pulse height of any coincident pho-
ton, (3) the time between the detection of the ini-
tiating @ particle and the coincident photon (in
the range 0-100 usec), (4) the time difference in
milliseconds between the arrival of the disk in
the counting assembly and the observation of the
decay event, and (5) a counting-cycle sequence
number, These five parameters were transferred
to a SEL 840A computer using a fast on-line data-
acquisition system,*®*where they were first stored
on disks and later transferred to magnetic tape
for permanent storage.

Some 30000 10-sec counting cycles were per-
formed during which approximately 3000 atoms
of 2°7104 were produced and about 1000 o parti-
cles from the decay of these atoms were ob-
served. An a-particle energy spectrum repre-
senting a portion of our data is shown in Fig. 1.

a particles arising from the decay of 27104 are
expected to lie in the energy range between 8.5
and 9.1 MeV.!*13

In Fig. 2, we show our experimental photon-
energy spectrum in histogram form for the ener-
gy range 100 to 160 keV for those photons corre-
lated in time (0 <Z <100 usec) with all o particles
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in the energy range 8.5 to 9.1 MeV. The K-se-
ries x~ray spectra predicted for elements with

Z =100, 101, 102, and 103 are also shown in Fig.
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FIG. 2. Characteristic K-series x-ray spectra ex-
pected for the elements with Z =100 through 103. The
experimental photon spectrum coincident with & parti-
cles in the energy range 8.5-9.1 MeV is shown in histo-
gram fashion under the curve labeled 102 and forms the
basis of a conclusive identification of element 104,



VoLuME 31, NUMBER 10

PHYSICAL REVIEW LETTERS

3 SEPTEMBER 1973

2. These curves were constructed using the cal-
culated energies of Carlson ef al., the calculated
intensities of Lu, Malik, and Carlson,® and in-
clude the effect of our instrumental energy reso-
lution. Our measured energies for the Ko, and
Ka, lines are 120,9+0,3 and 127,2+0.3 keV, re-
spectively, and compare very favorably with
those predicted by Carlson et al. for Z =102:
121,020 and 127.42 keV, respectively.

The intense a group at 7.136 MeV due to **'Ra
(half-life measured in these experiments, 2.46
£0.03 sec) was used to assess the possible in-
fluence of random uncorrelated coincidence pho-
tons on the spectrum shown in Fig. 2. Since the
214Ra @ group proceeds to the ground state of
219Rn, no real coincidence photons are possible.
On the basis of this analysis, we expect 0.4+0.1
random coincident photon events in the entire
photon energy range as shown in Fig, 2 for the
full 100-pusec time window. The delayed photon
event at 133 keV was most probably a random
coincident event; the photon recorded at an ener-
gy of 117 keV was a prompt coincident event asso-
ciated with the 8,615-MeV « transition of 257104
and is well accommodated in the energy-level
sequence for 2*No proposed by us on the basis
of this experiment.

It is quite clear from an examination of Fig, 2
that our experimental coincident photon spectrum
can only match in energy and intensity the theo-
retical K x-ray spectrum for Z =102. Therefore,
since we have observed K-series x rays charac-
teristic of atomic number Z =102 in coincidence
with o particles (with Z =2), we have established
that the atomic number of the a~decaying parent
is Z =104. This excellent agreement between cal-
culated and observed K-series x-ray energies
and intensities allows this technique to be applied
to the short-lived heaviest elements which are
produced on a one-atom-at-a-time basis. We
have demonstrated that a conclusive atomic-num-
ber determination may be made with only a few
thousand atoms.

Ten of the thirteen observed coincident K-se-
ries x rays were not prompt coincident events
but arise from the internal conversion of a state
in 2%¥No at ~300 keV with a half-life of 31.3+4.1
usec. A similar excited state occurs in other N
=151 isotopes.’® The three prompt K-series x
rays are associated with still higher-energy ex-
cited states in 2°®No. Our measured K-series
x-ray yield per decay of 257104 is 0.16£0.04,
somewhat smaller than the value of 0.56 £0.04
observed for the isotope 2°*No in our previous ex-

periments®!% because of a different a-decay in-
tensity pattern. A more complete description of
the decay of the isotope 2°7104, apart from the x-
ray identification, is the subject of a publication
currently in preparation.®
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Carbon, oxygen, and heavier nuclei have been observed below 8 MeV per nucleon dur-
ing solar quiet times. We find that the C/O abundance ratio is 0.8+0.4, the N/O ratio is
0.4+0.25, and the differential energy spectra below 1 MeV per nucleon have the form

KE_4’9£0'3.

We infer from this spectral form that most of these particles are likely to

be of solar origin. The large errors on the abundance ratio do not allow a decisive an-

swer to the likely origin.

Although extensive satellite and balloon mea-
surements’~® have provided abundant informa-
tion over most of the present solar cycle about
the modulated galactic cosmic rays above rough-
ly 15 MeV per nucleon, the extension of obser-
vations during solar quiet times below this en-
ergy has been limited to protons and « parti-
cles.®” The continuous presence of low-energy
protons and helium nuclei during solar quiet
times was first established by Fan and co-work-
ers®® who also found unexpected upturns in the
spectra below about 20 MeV and surprisingly
little variation in the flux or spectral shapes dur-
ing quiet periods from 1964 to 1967. Kinsey’s”
careful analysis of data from the Goddard dE /dx -
versus-E experiments on IMP-3 and IMP-4,
while revealing a continuous presence of protons
and « particles down to 5 MeV per nucleon,
showed substantial variability of these low-ener-
gy components over the period from May 1967
to August 1968. He concluded that during most
of the time period particles below about 10 MeV
per nucleon were substantially of solar origin.

In this Letter we present for the first time
measurements of low-energy (<8 MeV per nu-
cleon) heavy cosmic rays in interplanetary space
during relatively quiet time periods. The data
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were obtained in October 1972 using a newly de-
signed ultralow energy telescope (ULET) on
board the IMP-7 (Explorer 47) satellite which
was launched on 22 September 1972 into a nearly
circular, 240000-km apogee orbit, ULET oper-
ated successfully until 19 November 1972 when
the thin window of the proportional counter rup-
tured. Because of this only a limited amount of
quiet-time data could be collected. In this Letter
we restrict ourselves to particles with a nuclear
charge Z = 6.

The detector system® makes use of the dE /dx -
versus-E method for particle identification and
energy determination. To extend to 200 keV per
nucleon the energy range over which two-param-
eter analysis can be made, we use a thin-window
proportional counter (Dl) for the “dE/dx” mea-
surement and a conventional, fully depleted, 700-
um-thick surface-barrier silicon detector (D,)
for the “E” determination. A plastic scintillator
cylindrical cup anticoincidence detector S, which
surrounds D, and D,, is used to reject background
and penetrating particles. The fofal thickness of
material in front of the solid-state detector is 330
ug/cm?, 140 ug/cm? of which is due to the isobu-
tane counter gas. The geometrical factor of the
telescope is 1.0 cm? sr. To obtain preferential an-



